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Gzhupenxui a-(aroinoiise^)cy C lohctow«s ) acetic acid; 
NeurontwO ^ a shovel anticonvulsant tfcruft, with a mech- 
anism off action apparently dissimilar to that of other 
anttopileptic agents. We report toere the Isolation and 
characterisation of a ^^abapentin-bJnding protein 
co**** membra***. The detergent^ol- 
utilized blinding protein was purified 1022-fold, in a six- 
step coltMrm^oenat ograpWc procedure, with a yield of 
1 2^H?* pt f ***** ? roteln had appqroniwbtmit M. oj f 
130 ( opo aund was heavily glycosylated. The partial W- 
S^^x^^™^!* 3 ©^^ce of the ^ 130,000 polypop- 
SST' ^^y^ waa identical to that repoVTed^ 
the ^ suhunit of the L-type Ca^ channel &om rabbit 
skeletal xmjscie (Hamilton, S. L., Hawke*, Jfl. J, Brush, 
n? ,2^ ^' P^ 5 - H - J • Smilowfitz, K. M, (I9fi0> 
^o^ia^t^aa, 7820^7828). High levels of t^gabapen- 
on binding sites were found in mambranias prepared 
from irar brarn, heart and skeletal muscle. Binding of 
mgabapentin to COS-7 cells transacted with ^ 

with the expression of <s t 6 protein, as measured bv West- 
ern blotting. Finally, purified L-type Ca*- cha^H com- 
plexes were CractJonatad, under dissociating cossditions, 
on an ion^chanse coiumn; [^gabapen^ binding a£ 
SSK f°»*»y fibMowed the elutjon of the a*6* sulLt 
I^^bapentin is the flret pharnnacological agent de- 
^ ! ?^ts with an ^ subunit of a t^tage- 
dependent Ca* T channel. 6 



Gabapemin (l-(aminometbyI)cyc3oriexartti acetic acid; Neu* 
rontin) is a novel antiepiieptic drug that Is orally active in 
various animal medals of epilepsy, including maximal electro- 
snock in racs and penryienetocrazol- or audiogenlcaDy induced 
seizures In mice (1-3). Gabapentin has also been shown ro be 
effective in decreasing the frequency of seizures in medically 
refractory parents with partial or generaii2ad epilepsy (3. « 
Sm?^ synthesized as a lipophilic y^minoburyric 
aad (GAB A) 1 analogue, capable of penetrating the Mood-brain 
barrier, ^bapentin does not possess a high affinity tor either 
t»AoA A or GABA S recepmrs, does not influence neural uptake 



rJ»^?°V* ° r ^<* li ™<* ^ ardde wore delayed inpartbyrha 
iitS^mT^ —«*«» wirh 18 U.S.C. Section 173* 
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of GABA and (toes not inhibit the CABA-metaboltoing enzyme 
GABA tremamimse (EC 2.6.1.19) ( 3 . S). Moreover. eitSTn 

acaon of Mvml amiepfleptic drugs, including phenyioin car- 
bamaiopine, and valproate) and is inactive in assays far a 'wide 
^ 5 ^ ^transmitter receptors, enzymes, and ion 

A single high affinity (K 0 - 38 - 2 . 8 bintB f 
; Wgabapantinin rat brain has been described (7). Radioiiaand 
binding to brain membranes was potently inhibited by a ranee 
of gabapemm analogues and by severa) 3-ah<yl^ubstitUMd 
analogues of GABA. although GABA itself SSy wS 
acdva. Other antiepiieptic drugs including phenytZ. dW 
«h™ aJ ^ in ?^ Valproate ' and Phenobarbltona were in- 
«C = ^Sr Un fl ?" = 80 "4 and (^-3-isobutyl-GABA 
= 80 nw) wero the most active compounds identified (7). 
^ (5+)-enantiomer of 3-isobmyl-CABA was signtncantly 
more active than ths (^--)-enantiamer both in ^spfadnl 
PHJaabapenun binding and In preventing maximal elecu^ 
shock so^tres in mice (8). These data strongly suggest that *e 
protean defined by I'HJgabapetuln plays animp^ lt rolein 
controlling the excitability of naurons. 

Ctespite extensive research the mechanism of action of gabe- 
peiuin remams unclear. In vivo behavioral studies have sua. 
L^/ 03 ^ *™»™°<« ^ the gjycine ^-aTomtt £5 
the NMDA receptor complex in the anticonvulsant action of 
gabapentin; imracerebroventrlcular administration of D^erine 

it^l? S,te f? 0 " 1 ^ ^ protection afforded by 

gabapenun against chemically Induced seizures in mice (3) 
>Wver. radioligand binding as^ys have not show^ gXpTn- 
on to mhlWt strychrtne-inseniitive I'Hlglycine blndinfm 
InS^^ ^««nce«he binding of PHIMK-801 to 
*e NMDA receptor channel (7). Other reports provide some 
evidence for an interaction between gabapentin and an L- 
system amino acid transporter: gabapentin crosses tha intesti- 
nal membrane by a saturable process that is compacitlvelv 
inhibited by leucine (10). Moreover, the binding of PHlaaba- 
pentm to brain membranes Is potently inhibited by neuaral 

SffJ? 1 ^ lnhWted ^ «»* ^tem sub- 
Si J On the other hand, membranes prepared 
from tissues known to exhibit L-sy.tem transport acawryt^ 
kidney) appear to lack fWgabapemin binding sites (7). Thus 
the relationship betweon the L-system transporter and thtl 
I MJgabapentin-blnding protein remains unclear 

' h8 "Otecular target for gabapentin. we have 
purified and characterized a fHIgabapentin- binding protein 
from pig cerebral cortex membranes. Partial N-termlnai se- 
quencing «fcntifies the protein as an cr,6 subunit of a voltaee- 
dependent Ca 2 ' channel. This identiRcauon is supported by 
several lines of evidence. Including heterologous ^reSen^ 
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EXPERIMENTAL PROCEDURES 
MeeBrJab-fnz brains were obtained fresh from tha local abattoir 
and ! trai^nted to the laboratory on ice. All detergents were from 

k"* JcnBS Cartography, Hengoed. Mid Clanwgan, 
Wj^Z ^•Xhtiatograpby media were fre^harmacTSolS 
Ltd., Milton Keynes. Bucto. UK. Mirt-protean II precast gra^aS* 
and reagents for stiver staining. weTe from Blo-fcad Lalx£S 
Heme! Hempstead, Herts, UK. Ultrafiltration cells and Y^3n-' 
tains were from Aimcon Ltd.. Stonehouse, Clearer. UK 
StSlZ 5*" W if m ? 1 ^^onal, Maidstone. Kent, UK. Gly- 
fnfr^lf^ ^ B "* ri "S*' Mannheim, Laws*, East SuW 
UK Up^ectaminc and Cell culture media wore obtained from Life 
Technology Ltd Paisley. Renfrewshire. UK. MonocCaJ arXSes 
roisedagalnst rabbit skeletal muscle a. 02) and B (13) suhunJcTv^ 

art reagent* were obtained from either Sigma. Poole, Dorset, UK or 
fs^ ^^^^ Leicestershire, UK. mSS^-mta 

(57.7 Ci^nmoJ) was custom Synthesized by Amcrsham Inter™ t*™i 
Ameraham. Bucks, UK. PHlNWidipine fSu^onr 
oS'^Z^aZ?*- U * "^*Wntin andlhe^u^ 

X^Zl^^Z™?* 1 ^^ P^Etovis. Ann Arbor, MI. 
onSS ^^ Xi * lry " B,n<Iin 8 * PHJsabapentin to soluble 
?^ U ^ WH l Ca,Tlfid <*" at » 'C tn JO mM Hepes/KOH. oH 7.4, for 
« mm. Ateay tubes contained 125 *d of 20 mw Hejtes/KOH bufler 25 
ffi^^H * * ^S^P^n <fm*l assay coSe^^Tn^ 
and other additions as required m a Gnal volume of 2$o pL NoreroSflc 
binding was defined as mat obtained m the presence Tof 
i^J^eA. Separadon of bound anTn4^^t*s S^'ot 
r^iiKl?" ^^0.3% *>Iyethylene.rmr>^^ 
M7 4 S3 ^^f^ ^ ml of cowlo^MTrls/HC . 

Slit' tZt?*™ in a ^ntJUatkm counter. Typically, 10 ^ of crude 
aoUibic brain extract gave total counts of around 4000 dpm with a 
b^ound Of 250^300 dpm (/.a over 90% spsxmc t^m^S^SSt 
TOgabapenUTi to particuhtte tr&xlarm wasparforrocd asdescrmed hv 

gpSISJJ V' R ^ c " 0m ^ 6to PT** by rapid hhrauon ^%rouah 
Nonsp^Sndlngwasdeflnad^3 
w^^w^S™ 88 ^ "I 1 ""^J*™ CompstUien binding data 
wore u^ansfermad and analyzed using drapfcpad INPLOT version 4 03 

LIGAND version 3.0 (Elsovler BJosoft). r 1451118 

c^S^r^ ^ < * cr ^» * punacation scheme were 

S^^SL!!? 5 Unte4S otherwise. Pig brain cortex (up to 35 S 

ELTTA^ 1 mM ECTA, 10 mM Hepcs/KDH, pH 7,4) by sik stroke rf » 
K^for^l^s^ After P remo?al^r^ 

Mmto *JnZ tK^l &Up ^ Tiaianl w « Centrlfuged at 40.000 X ^ 
»rl M win and the resulting pellet was resuspended in 10 volumes of 

SSL JSf* A Wth0Ut ^ lCn «>- ^ 30 mm of cZSnuous 
stirrins. membranes were pelleted as above and I resusoended m »Z 
m^te^thr^vohimesof buffer C (1 .25 mM EOTa^^^S* 
gj-JIM; "J* HepaVKOH. pH 7.4) at a concentration oTi 

SoTct^^ Br ^ meS ,° f twsue ( >10 ° 8> ^ processed as 
i^J^i ab0ve - ^J* *«i « Waring Blander was used In U^n7ri«T 
SS um ^af±^™ P ' Soiub » ba ^ ^as carried out O^^SSi^ 
volumes of membranes with one volume of 2% Tween 2D *rvf mfv 7 'T, 
^--^ feshion tor 1 h. Tnemmure^cS^al ?c£S£ 
for I h. and the reciting soluble fraction was decanted * 
F rt j£^!^J? r ^ C ^^ 20-solubiliaed prounna were 

££t \ t I 2P ntt l 0J1 tt>a O-Sepharo^o FT column CZ.eW^u^ 
£Sh^ J? 7 ^ *? umbrared D -08% Twoan 20. 10^S£2 
S ' ? I ' 4, ^ tfohjn »« was washed with 250 mi of Hesce buffer 
before elation with a linear gradient of NaCJ <0-750^ra^a toS 

aT«^° f 1 Utfir 05 JSC? ^ < 10 "0 v^olle^eo aS 

aUquors were assayed ibr f»HJgabapentin binding aa^JE52 fr^ 

LentU Lectin OvMmogrBphy-^cave fractions from the Q.Sepha- 
rose column spooled, brought to 1 m* CaCiyi mM MnCl^^n^ 



£uJ^\^^\?? ^ ded « 10 ml^i on to a lenUi lectin. 
7 0 h ^ B col ^"<2- 6 cm (mtemal diameter) X 4 cm) euumbrwed 

nepes/tvun. prt 7.4. The column was Washed wlrh 9fl m l«f«l. 
ttrni buffer at 10 mim followed byloZ^b^or « 20 ml^"^ 

urn*. «d tto pump wa, switchad K2 r^ £, ^,te 

OnternaJ diametart x 02 *A.,ii^^.V^lirt^ column (2.6 cm 

bulfcr. Tite high salt soluBon was maintained at 00 «C to aw* «TS?C 
bwjgh. ^150 NaCl from a S M smtk il™ ^ 1,00,8,1 ^ 

^fl^^i ml ° f "^'brauon taifier and Muled with 0 35 mm 
aeety|.i>.glueaaimine in «j«uibratlon buffer using 0*n£^£LZ 
dum oudined above far the lentil lectin oolurnn. ActTe fr^^rt'S 

^eaarnpla we* loaded by means of a 50-ml TtoMoSo O S 

were collected and aliquot* analyzed m uWradinii^TfJ,, aech) 

'pmS&ZS^ tHJ!* c » a >P°P»<>"x>F-Mv«>tB. (so uD of punfiea 

S^sS^ssattWRaS 

» an Immobllan P ir^bra^e^btofwa. sSl^d^S?^^ 
5taa& Expression ofcDMA in HEK 293 Gt//s-HEK 2&s «™ 

^^^^12^^^^ ^ **unu cDNA. s4hle caU 

line* werasclectad using G4I8 at a concentration of 600 ^mlrnedlum 



"J. P. Brown. V. U. K. Dlssanavake A 
manuscripi in preparation. wl26Bana > aItfi . 
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77?*? fHfGabapentin-binding Protein 
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-;««°^t^^t *— * PUHncati0n — - • A « Sep^, C. hydraryap- 



These alb were originally developed for studies cm recombinant Ce»- 
channels with (afferent or, suburdts. Hence the o>Si»SnX « L 

hypotanic £i« ^ homogemzatlon. Extracts vwro cemrlfuged atSOOO 
X « and xhemufttng supernatant was cantrifuged at SO,MOx7to 
pelka memfrnmes. Cell membranes were UEaayed for [» H lmba»&£ 
binding nctrvlty as described above J 1 ,8aDapQntW 

Tmaltnc Expression ofajk cDNA m COS-7 Cstffc-COS-7 cells in 

Htf . ceUs^O mm Petri dish. Dishes were incubated for 
18 hat 37 -On an atmosphere of s» CO, in air and uwferaSwlthS 
PJ^dDrJA by Upofeetamme^edia^d oxmS^Tft™, 
panun binding ecuviiy as oescnbed above. JB ^ 

o«S^f^T^r S Z5P S " ,X1,yacTylamido & o«o«ro P hore*is was 
piatermed in <-2OT6 gradient gels using o*> Lacmmll (IS) buffer sv£ 
tBrn _ Gds were stained using the EBo-Rad sMvcr-siatrdno lui Z*Z«ZZ 
lo the manufacturer's instructions, suurong Wl Becoming 

Wfesterri fflaraqy-Proialns were rieccrophorettcaUy transferred to 

Towhtn « at Qm. Btou ware Incubated with blocking tmffarCWmllk 
powder in SO mv Tria. ISO mu NaCl. pH 7.5). for 30 mta tofora 
Incubation with primary antibody for 16 ha, 4 >c ^ wenT'wasS" 
five dmes with blocking buffer, over 15 rmn. beforaXl^eS? 
radish perotfdase^oitfugsted second antibody. After 3 rTblote^ 
washed as above, followed by uvea rtnsos^uffe^adu^ mu£ 
ttt? er °? aaM ***** was <te«ecwd either using 3ir^»«nV^ 
bajole substrate, as described by Graham at at CiT)^bTc^^Z 
ne^enco using a kix supplied £ Amersham InlwZH 

tr/^S rt ^^f^r Pr ° t£ln «™»«l™ton was determined by 
the method of Bradford (It) using bovine aerumaltomin as a standard. 

RESULTS 

have been carried out in the rodent (7. 8, 19). a spades such^ 



the pig has obvious advantages as a tissue source for protein 
purttodon work Binding of PHJgabapentin to rTmbS 
prepared from various pig brain regions was therefore omnT 
£T f[ ^f C ***** ^ues for ocSp^ta, etwtSTS^ 
f ^ ~ ra *' hippocampus, striatum. thalarSus. cZ^- 

a'^m/^ StemWele83S ' 691 ' 509 ' 399 ' 3Z3 -2?8. 179.and 
323 dpm/mg, respectively. Membranes prepared from whote 

Tr^tmwtrfmembranes with solutions of either high salt (up 
^£ ~«WA (up to 50 released <3X 

Hfeabapentln binding sits*. These data suggest that the 
r Hlgabapenun-binding protein is probably iZgraTu, 
membrane. Several deter^rus proved to be^ffeaiS soluwS 

Sf^'A « %? HA ^ and 0 4, » 3S solubillzod 52.3 x 
5.096 (n =. 3), 49.2 = 16.396 (n = 3), 34.396 (n = 2) 4 1 rwfi r„ - 

n^pecdvely. Dissertation constants (K D vah.es) for theloluble 

^TJ" ^ rhtl&e 32 7 - 68 9 ™. tomparablo to 
values obtained with brain membranes (valuesin the Z 
35-53 n« for six different batches). IWn'Clt^ 
«ato purifications, as it gave a soluble fraction of a t£% 

oe^fl to maxlrmae resolution and minimize the number of 
br^^> e 00na !" 0nirt8 ^ S-aubfliatJon of brain mem- 
branes in a low ionic strength buffer with Tween 20 (a non-ionic 
detergent) allowed direct application of rhe crude 100000 
sup^tont on to an anion-exchange column. Two batches of 

^tZ ^F£*i ed fr0m 350 6 "'P* cerebral cortex, were 
processed on Q-Sepharose FF. Fig. ia «hew> a 
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Membranes 
Solubiiizad membranes 
Q-SepbarosB 
Until lectin 
Sephacryl S-40O 
HydroxyapatltB 
Wheat gemn lectin 
Mono-Q (Fractions 18-25) 
_Mono-Q (Fracrions 20/21) 



prooJ 
3504 
2476 
1115 
599 
37© 
ND 
191 
136 
49.1 



ay 
2258 
449 
924 
10.4 
232 
0.421) 
0.223 
0.1X8 
0.O31 



1.55 
5,51 
12.1 
57.6 
162 
ND 
657 
1153 
1584 



f££ 1 profUe obcained this column. The peak of 

I KJf^bapcntjn binding activity emerged at around 400 him 
NaCl, although considerable trailing was usually observed 
Ke^iromaiography of the later eluting fractions also yielded a 
peak or acuity at 400 mw NaCl, suggesting that the wiling 
phenomenon was not duo Co protein heterogeneity. Further 
^SSSTS^'T? ^rr d m lenril ^tin-Sepnarose, af- 
Ca ?!* ^ ions (each I mi4) to the pooled 
^S^SS^H""^ Tltese ions tittle or no interference 

l^ft atej ^ bi,ldin8aSSay - Eq^^ationof the JenS 
h^LS * ? u « af - contaJnin « buffer for 2 h before elu- 
tun resulted in a sharper peak of Dinding activity, and thus 
fachrated chromatography by gel filtration (Fig. IJO. The ac- 
tive material from the Sephacryl S-40O column waf^je^l 
totwo cycles of ultrafiltration and dilution, to reduce the ionic 
strength* of th* sample, before application to the 
dte columa Tme method of salt removal was much fasrer Oian 

S^f^r^. actJonat,on 031 hydroxyapaute ^ig. iQ was 
straightforward, provided the elution buffer was prevented 
from cry^altong. the aiuted material could not be tro^v^ 
out a substantial loss of f^gabapentin binding activTw 
phenomenon was not investigated systernatfcaUy, buc £ho de- 
cZZ in ^*"™*fP™** to be related to the rate of samp£ 
cooling. As a precaution, we avoided freezing sample* in ohos- 

^T er and appUed *** p0o!ed ^ tive materiaJcUrec5y on 
1*^ ^ «erm lectin-agarose column. Further <^romato H - 
raphy on Mono Q (Fig. IX) allowed the removal of the^af- 
r^ntaining buffer Irom the previous >tep and most 
maining proteir^ .impurities. The progresTof one r^ricaUonS 
.um^narlzed in Table J. The specificTctMty valueTr X^ak 

1022-fold Purulcaiion over the starting r^more^A lower 

72% ^T?^ P ° 01 ' «*overies were in the range 45- 

72%, and the overall yield was 3.9% or 0.24 ilo of cabaTWYT^T 
binding protein* (wet weight) of pig cereur^e^ 

„ Mt *?» lQr Properties of the PuriteJ 

rWCah^un-birrtingProttir^As 5 hown in Fig. 2, theprT 
dominant species in the Mono Q eluent was a polypeptide with 
bar^Ks^™ 1 ^l™' 000 ' A «*™«°™^nt, diffuse* 
i^fJwL Ji \ Wh0Se intensai y paralleled that of the ML 
or ^n^ C °l d 1,6 if Sels were either overloaded 

rL^^^°% (data not 8hown > Under non-reducing conoT 
Dons, neither of these bands was observed; instead ^uri- 
f™™^" ^ a single species with an apparent A£of 

U n ° C iaKWn) - ^ PHJgabapendn-m^pro^n 
HovI^ bre COmpOSed of non-identical subumS^va^n^ 
i^fj* atJeast0ne bridge. Gel filtration of X 

S^S^T" ° n ^ l UpGro3e 6 tt *™m yielded a rnolecuS 
o Tto k^ZT^ ^^^binding protein oomX 
of 260 kDa (/J = J). This is broadly consistent with a specie* of 



100 
70.7 
31.8 
17.1 
10.7 
NO 
5.45 
3.88 
140 
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3.S5 
7^1 
37.2 
105 
ND 
553 
744 
1022 
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170-kOa binding to a micello of dotareent. However fh „™ 
*ua (n- 4). Preliminary e^onmentB suggest that the after 

JS^Msass^ scsassf 

Incubation of Ola reduced Wdonatured p^S* ^ j^i 
^trations of glycopeptinase F led to a^'in^ 
apparent subunil M r from 130.000 to 105 000 (Fi7m p!Z^ 
PMlfiabapentin-bindlng pr0[ ^ that naoTS^ub,^^ 
heat denaturauon without SDS and ^me^loelffi * 

^^S;^^' ^ thMlnk ^ ol^cchWidochSuUt 
^copeptidaso F only under fully denaturing 

L™pounas were evaluatad In competition assays with 
PHfeatepenan usrtg the purified [•Hlga^entln.bindL W 
torn CF. 8 . 4). (S+)-3-I S obutyl GABA^otenUy ^nhE 
^flgbapenun binding with an IC M valued SS« 

er^r^^H.^' r" 1 !^ y?-)-enanUomor was nearly 
order of magnitude less effective (IC^ = 370 nw) A stere 
^elective requirement at the I^Jgabaplptln bind^ 
ST Pr ^ nC6 ? f6frhBL -»™l n^namiome^f leS 
^f"^" 5 ^ 80 an l^ 0D0 ™* respectively). The paraS™ 
^rf^r ,? a l f' BC ^- "kP^wd I'HJgatapemi^S 
^ S 691 ««• Similar results to these^Wobtained 

^reSaSSL^ and 20^oluS 

preparations. Thus, the pharmacologic^ eharactcri.Uw or nie 
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The PHJGabapencin-bindwg Protein 




WW- 




Log Mokr concentration 

r>JI G i«\ I / k !l!? iti0,, . 0f PHUl«*agkiiitln binding CO the purified 
protein Various amino adds and related compounds were tested for 
their ability to inhibit radioligand binding. fiSTpoinx m the 



» represents the mean from three separate experljnBnte 
° 370 ™); leucine <IC i0 «80hm); X. o-ieucln« (IC^lbwYift 

pHlgabapcntirvbincUng protein appear to have been preserved 
following detergent solubilization and subsequent isolation of 
the protein. 

N-ter/rdna] Sequencing ami Identification of the fHJGaba- 
pencin-blnding Protoin^Tto availability of microgram quanti- 
ties of highly purified pig brain PHlgabapenrin-binding protein 
allowed us to obtain a partial N-terminal sequence for the M 
130,000 polypeptide. Two preparations of protein were ana- 
lyzed, and, in each case, 10 cycles of readable sequence were 
obtained. Both samples gave the same sequence: EFFPSAV- 
TTK, A homology search showed that the N-renninal sequence 
was identical to that reported for the a 2 S subunit of the rabbit 
skeletal muscle voltage-dependent L-type Ca 2 - channel (20) 
The same stretch of amino acids is also found in the sequence 
deduced by cDNA cloning for the human brain a z S Ca a ^ chan^ 
nei suburrit (21). The corresponding sequence for the rat brain 
« 2 a sequence contains a prolyl instead of an alanyl residue at 
position 6 (22). 

Tissue Distribution of fHjGatepentin-binding Sites in the 
/?ar— The binding of PHjgabapentin to membranes prepared 
from some 14 rat tissues was examined. As shown in FJg 5A 
the highest level of I*H]gabapentin binding sites was observed 
in skeletal muscle. Significant levels were found in cerebral 
cortex, cerebellum, forebrain, and heart. Trace amounts of 




FW.3. SDS^poh/ncrylaraide gel electrophoresis of PHlaaba- 

icntln.faitiHino <wAioi n .Ka..;.. rr^A. , 1 . * 

ntfn-bJnd- 

~ "/ i ' rrT' 7~ o "^"X v«««» ' «ww °t wore uoueo in either the 
1^Z}f??Jf,^Z ? arthe P™*™« V**> <-7> * SDS^mercap- 
loetfaanoL Lanes / and 4, no enzyme; Janes 2 and 5. 0.1 unit of enzyme- 
tenia 3 and 6-8. 0.3 unit of enzyme. y 
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^S^^ tanittnS Si,W Wftr * found ,n ,un 6- s P te *>. liver, 
ana kidney, but pancreas and intestine were devoid of activity 
In rat muscle membranes [*H]gabap«ntln bound to a smote 
Population of sites with high affinity (K 0 - 29 nu). similar m 
Slw^p ^ ratbram ©), Competition experiment with 
(S+)- and «->3-i50buty^GABA. ©. and t-leuSne. BCH. and 
^bapentm gave a rank order of potency that was Identical to 

protein (sea Fig. 4]. The distribution of dlhydwpyridina^ens? 
dva L-type Ca 2 * channels as oefined by ["HJmtrendipine (Fie 

Heterologous Expression of a J cDAT/J-Bindlng qf f^gaba- 
pentin to 2L ceils, which express the rabbit skeletal musciV T« 
protein and a human neuronal )8 subunit, and to parental HEK 
293 cells, was examined. As shown In Fig. 6A, specific 
PHJgabapenrin binding to 2L cell membranes was approxi- 
mately 85-fold higher than to HEK 293 cell membranes The 
trace levels of specific f*H]gabapentin binding to HEK 2*3 cells 
(and to kidney membranes; Fig. 5>1) is probably explained by 
tow level expression of endogenous Ca 2 + channel subumts 
Indeed, splice variants of « 3 8 have been detected in HEK 233 
cells by polymerase chain reaction methods (23). COS cells 
r^fe^ wth pcDNA3/^5 cDNA expressed > 10-fold higher 

IZTh 5*"** 61168 than C °S ceils L 

fected with vector alone (Fig, M). This was consistent with 
mcreased expressionof « 2 & protein as measured by Western 
blotung (Fig. 6^. The ol«ctrophoro*i« pn)pcn&» Q f mc c*- 
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J^l^'i*'* 1 ? 8 rf PHJ?" 1 ^*^ » HEK (*), 2L (fl), and COS-7 
(cand <Q cell membranes. The, results represent the mean values - S.E. 
Of four separate experiment* performed in duplicate (HEK and 2L cells) 
or wo experiment* with replicates of six (&S-7 <eUs). The 2L Una 
^^f^Sf/*^ a^£ admits ^ <Jerlva«Vc of HEK 293 
transacted either with pcDNA3 alone (d or with a 
?oT 7 A ±^ CQrtSlfUCt <£ The f?™tr*t7on of Tn Si 

COS-7 experiments was 60 nw A Immunoblowina of COS-7 cell mem- 
J^V-purifled antl-a, antibody. Membranes were 
olect^pfa^»ed either under reducing Vanes or non-fedudng 

^tJt^^-H™ 1 M , 4 ' C < 5 ^Protein); W 

f . raJf £ d < 5 orproteirO: 7mww Jand 6, ZOO ng of purifled pift 

pnx^I^degradailon product of the pure protein. Q Scatchard anal- 
<* Wing dam obtained with CcS-7 cell mombJanes (samphTd) 
The data shown are from One representative experlmSL P 

pressed a 2 a protein were consistent with those reported for the 
skeletal muscle protein (24). In COS-7 cells transfer Led with 
* 2 6 cDNA. TOJgabapentln bound to a single population of sites 
with high affinity {K 0 =» 13 nxi), with a maximum binding 
capacity of 17.8 prnol/mg of protein (Fig. 5Q. Similar results to 
those were obtained hi a second transection experiment (K* = 
I9.S nw; = 25.9 pmulmig). 

Fractionation of ParxiuBy Dissociated Ca*+ Channel Com- 
^^T 0 ? channfil complexes were purified from mgJtonin- 
sohibjMzed skeletal muscle membranes by sequenrial chroma- 
tography on wheat germ lectin-agarose and Mono Q. Fig. 7 A 
shows a silver-stained SDS-polyacrytemide gel of the Mono Q 
eluent (lanes correspond to every fourth fraction); An unequiv- 
ocal assignment of the a, and <* 2 polypeptides, which are visible 
on the SDS gel, was achieved by immunoblotxmg (Fig. 7B} The 
a , and or 2 S subumcs showed markedly different elution profile 
consistent with partial disruption of the Ca 2 + channel com- 
plexes. mjCabapentln binding activity, which aimed as two 
overlapping peaks (Fig. 7Q, closely followed the eludon of the 
a 2 s Polypeptide. The a, subunit eluted as a single peak, coin- 
cident with the second peak of pHjgahapentin binding activity. 
1 ne two a ^containing peak fractions, and the material ap- 
plied to trie Mono Q column, were furmer examined by immu- 
noblouing using a higher gel loadings. In the case of the a 
subunit, which could not be visualized using 3-amino-^ethyl- 
carbazole substrate, a more sensitive lumlnol-based detection 




-15 
-7 



MonoQftscoon, 

1 ^^t^ined SDS-pcJyacrylanihie gel of skeletal muwto 

L-rypa Ca^channcls purified on Mono Q. The column waaXtcd^Sh 

taa7^£h5 Bra 1 ,ent ( ?T 760 »ndl-ml fracTnTwore c^e^ed 
(total gradient volume of 75 ml). Lnoes J-Q corrcmonS \!L *£5Z, 

^n£^^^ rf ^ Q fraction* NitrooeZose bSL 

were prepared from two gels, each identical to the one descnWabove 
^JT^^t elther * monoclonal armbody tosk*!- 
2^** ° l f Mb i ,m A°f WUh a ^clonal antibody rXd^alm-^ 
S 8 ^ ^S bUnff ^ relevant pomon of each blot Isshown. 

in mplicate (20 /d of sample/assay) with 20 nM {^IJ^bapeniSn 

systern was used. Fig. 8 shows that the material applied to tne 
Mono Q cojurnn contained ar lF a 2 o f and ^ subunits. Uke the a, 
™' the ^ fiuburdt was found only in the second peak of 
rnigabapentin binding activity. The amount of f^lgabapen- 
tin binding activity in the three samples was broadly consistent 
with the amount of * 2 8 polypeptide as measured bv 
xmmunoblotting. 

DISCUSSION 

The purification of the detargenr-solubilizcd PHJgabapentin- 
bindjng protein from pig brain was achieved by sequential 
chromatography on Q-Sepnarose, lentil lectia Sephacry) 
r^o^oxyapatite, wheat germ lectin, and Mono Q The 
protein in the Mono Q eluent was analyzed on a 4-2096 g^di- 
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Fro. 8. Binding assays and imimmo- 
blottlng or pooled wheal serin eluent 
Mono Q peak fraction*. Nitrocellulose 
blocs were prepared from three identical 
SDS-pdyaciyiamid* gels. J^mo L wheat 
gewelucnt (5 /J); lane 2. Mono Q peak 1 
(40 /d): teat 3. Mono Q poak 2 <*0 ;u). 
Each blot was probed with a different pri- 
mary antibody and nn appropriate horse, 
radish peroxldaso-conjugatad second an- 
tibody. Peroxidase activity was detected 
using 3-amlno-9-othylcarba2o!e (o, and 
a x 6 subunits) or tuminol (fi subimix). 
PHJCabapantin binding assays on the 
same samples wore performed in 
triplicate. 



ent SPS-polyacrylamido gel, which covers a broad range of 
molecular weights. The amount of radioligand binding paral- 
leled the Intensity of rhe A* l 30.000 band, although other faint 
co-eiuting bands were observed. The possibility that [*H]gaba- 
pBntin might bind to one of these quantitatively minor compo- 
nents was excluded in other experiments (see below). The final 
specific activity, based on the peak Mono Q fractions, was J 584 
pmoJ/mg. This value is approximately 5-fold lass than that 
expected, given a starting specific activity value of 1.55 
pmoi/mg for brain membranes. However, the low concentration 
of protein in the Mono Q eluent, and the presence of T ween 20, 
which interfered with the protein assay, precluded an accurate 
determination of specific activity. The susceptibility of the pro- 
tein to inactivation, which was particularly evident in phos- 
phate buffers, may also have been a contributory meter. In all, 
we have prepared five batches of PHlgabapemln-binding pro- 
tein using this, or a vary similar, procedure. Preparations of 
higher purity, though with reduced microgram yields, could be 
obtained either by reducing the amount of starting material or 
by judicious selection of fractions to be pooled. However, the 
purification schema described here offers a reasonable compro- 
mise between yield and purity. 

The partial N-terminal sequencing of the M T 130,000 
polypeptide was a crucial step in the identification of the 
rajgabapentin-binding protein as an & z 8 subunit of a Ca* T 
channel. The sequence homology with the * 2 * subunit pre- 
dicted a more widespread tissue distribution tor the fHJgaba- 
pentin binding protein Chan has previously been acknowledged 
(7). Indeed, radioligand binding assays revealed high concen- 
tratJons of f Hlgabapentin binding sites not only in brain, but 
also in skeletal muscle and heart. The distribution of [^ni- 
trendipine sites was broadly similar to that for pHfgabapentin 
although detailed differences in the relative levels of the bind- 
ing sites were apparent. However as [^Hlgabapentin probably 
labels both L- and non-L-type voltage-dependent Ca 2 " chan- 
nels, these differences are not unexpected. To further confirm 
the identity of the PHlgabapentin-binding protein, we per- 
formed radioligand binding assays on cell lines expressing the 
o 2 $ subunit from rabbit skeletal muscle. High levels of specific 
PHJgabapontin binding in the 2L cell Hne r winch expresses 
both Oafi and 0 calcium channel sub units, were observed 
whereas the parental HEK 2*3 line was almost devoid of ao* 
tivity. COS-7 cells transferred with a^B cDNA alone, expressed 
>10-fbid higher levels of [^Hlgabapentin binding sites than 
control ceils. These data were consistent with expression of the 
* a S protein, as measured by Western Wotting using a poly- 
clonal antibody raised against the a 2 polypeptide. The ex- 
pressed or 2 a protein bound | 3 H]gabapentin with high affinity 
{Kx> 88 16 n\f; n « 2), broadly similar to that derennined for rat 
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muscle membranes. These studies argue strongly that 
rHJgabapenrin binds to the <x 2 $ subunit in our purified prep- 
aration and not to a minor contaminant. 

Most studies on the structure and functional domains of 
Ca channels have focused on the L-type channel from rabbit 
skeletal muscle. This channel is a hetemmultimeric complex 
composed of an a, subunit. which forms the Ca 2 " 1 " conducdne 
pore, and three accessory subunits: ct£, 0, and y. Although it is 
now well established that the a, subunit is the target for 
dihydropyridines, early preparations of the Mihydropyridine 
receptor 0 apparently contained only an * 2 8 subunit (25). It is 
now known that these samples were "contaminated 0 with 
subunits that ware not visible on SDS gols. In view of the 
heterologous expression studies described above, the possibility 
of FHJgabapentin's binding to a, subunits in our preparation of 
purified pig brain cr 2 6 was unlikely. However, a 2 S and B sub- 
unit cDNAs have been shown to enhance the cell surface ex- 
pression of co-zrzns&ctad ct^ subunits (2i, 23, 26), We consid- 
ered the possibility that transfection of *** cDNA might 
enhance the expression *t host-derived q x subunits. To address 
this, we isolated L-type Ca 2 * channel complexes from rabbit 
skeletal muscle membranes. Digitorrin was employed as the 
solubilizing agent, as it is reported to preserve the oligomer* 
structure of Ca 2 - channels (20). Purification was achieved us- 
ing a combination of lectin chromatography and ion-exchange 
chromatography, as used by others (20, 25, 27). To allow frac- 
tionation of '"dividual subunits, we planned to disrupt the 
Ca channel complexes by exchanging detergents. However, 
we found that this step was not necessary; partial dissociation 
occurred during chromatography on Mono Q r even in digitonin- 
containing buffers. Two peaks of pH) g abapentin binding activ- 
ity, which closely followed the olution of the o*3 polypeptide 
were observed. The a, and 0 subunits were found only! n the 
second peak, presumably as a,0 and a^a^ complexes. The 
earlier eludon, from ion-exchange columns, of dissociated o>S 
subunits is in agreement with another study (20). The profile of 
rhe y subunit was not assessed by immunobiotting. although a 
feint band of the expected size (35 kDa) was seen in the peak a, 
fraction (Fig. 7,4, 2a#*e 7). Data from heterologous expression 
studies and purification experiments show conclusively that 
the single high aiflniry [ 3 HJ gabapentin binding site found in 
brain and muscle membranes is rhe * 2 5 subunit. Moreover, it is 
clear that the binding of I*H]gaba P enan does not require the 
presence of the or, and 0 subunits. However, these subunits 
may modulate the binding of pHjgabapenrin to the « 2 5 subunit 
in tetero-cjigomeric complexes. A slight enhancement of bind- 
ing to the a& subunit, in the presence of the *, and 0 subunits 
* suggested from the data in Fig. 7 (compare Awes 5and and 
Fig. 8 (or a immunoblot; comparo J«™2w!th innA* j s$. j t li} 
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interesting to note that the a 2 6 sub unit itself modulates the 
binding of avconouwdn to the *, subunit of the N-type Ca 2 ^ 
channel (23). J * 

The Wochemica! properties of the purified pig brain 
PHlgabapentin-binding protein are strikingly similar to those 
of the ct 2 S subunit from rabbir skeletal muscle: the muscl* a 2 6 
subunit exhibits a characteristic mobiliry shift on SDS-poIy- 
acrylamide gels, in the presence and absence of reducing 
agents (24, 27); moreover, the removal of Mlinked carbohy- 
drate from the t* 2 subunit, by exhaustive digestion with glyco- 
eeptidase F r results in an apparent molecular mass of 105 kDa 
(2$). The « 2 5 subunit is thought to be anchored to the mem- 
brane by a hydrophobic segment located in the 25-kDa * pep- 
tide (24), although transmembrane segments in the larger 140- 
kDa a, camponent have also been postulated (29). Although we 
have yet to confirm the identity of the 25-kDa component in our 
purified preparation by N-terminal sequencing, the poor stain- 
ing of the band on SDS-polyacrylamide gels is certainly a 
characteristic feature of the 8 polypeptide (28. 30). 

The alteration in the hydrodynamic properties of the pig 
brain FHJgabapendn-binding protein, which occurs during pu- 
rification, is almost certainly explained by the dissociation of 
the a, and 0 subunits. Takahashl ct (28) found that the 
skeletal muscle atf subunit was associated with an a,0 y het- 
erotrimeric complex in solutions containing either 0.5% dicito- 
nin or 0.196 CHAPS. However, in 0.5% Triton X-1Q0, the a a « 
subunit was found to dissociate from the tripartite complex 
Our hydrodynamic data suggest that the PHJgabapeniin-binoV 
ing protein is associated with other proteins immediately fol- 
lowing solubilization with 0.496 IVeen 20, and that dissociation 
begins on the Q-Sephamse column The presence of both free 
and complexed a 2 6 subunits may explain trailing of the 
I Hlgabapentin binding activity profile tor this column. 

Mechanism of Action of Gzbapendn—AXi anticonvulsant 
drugs must ultimately exert their actions by modulating the 
activity of the basic mediators of neuronal excitability: voltage- 
and rtturocransmltter-gated ion channels. Our data suggest 
that the <x z 6 Ch 2 ^ channel subunit may be the critical target at 
which gabapentin exerts its analeptic action. This Is sup- 
ported by previous studies that have shown a correlation be- 
tween the affinity ofligands at the pHJgabapenrin binding site 
and anticonvulsant activity (g). Other ligands acting at Ca*- 
channsls have been shown to possess anticonvulsant properties 
in animal seizure models. Fiunarizirta is effective against elec- 
troshock-indu<*d seizures in rodents (31,3?); dihydropyridines 
prevent seizures elicited by pentylenetetrazol (31, 33), ethanoi 
withdrawal (34). A^methyj-DL-aspanic acid, and the L-type 
Ca channel agonist. BAY K 8644 (31). However, gabapentin 
is unique among Ca 2 - channel ligands in that it acts at tne * 2 S 
subunit rather than at the a, subunit. 

The physiological role of the a 2 B subunit is not well under- 
stood at present. Co-expression of a *6 with the a, and 3 sub- 
units is known to be required for efficient assembly and func- 
tjonal expression of Ca 2 * channel complexes (21. 23, 26) Since 
^ subunit appears to be common to all voltage-dependent 
Ca*+ channels (26, 35) r it is conceivable that gabapentin mod- 
ulates the activity of more than one type of neuronal Ca 2 - 
channel. In mouse spinal cord neurons gabapentin blocked 
responses to BAY K 8644 (36% but in other studies gabapentin 
cbd not significantly affect h-. N-. or T-typa voltage-dependent 
n i* c ? irtnel5 (37 5- However, given the structural diversity of 
Oa channels, as revealed by molecular cloning studies (26 
35), data from a few electrophysiological studies should be 
interpreted with caution. At least six genes encoding Ca*^ 
channel <*, subunits have been identified. Classes C D and S 
are sensitive to dmydropyridines (L-type), class B is' sensitive 
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to 4MX^)toxin GVIA (N-type), and class A is sensitive to <^aga- 
toxin IVA (P-type). Class E is resistant to the agents listed 
above (B- and T-rype channels). At least four genes encode B 
subunits. one gene encodes the a 3 3 subunit. and multiple splice 
variants of or,. 0 and o*£ have been described (26, 35). The 
potential combinational heterogenoity of Ca 2 - channels at the 
structural level is enormous, It is possible that gabapendn 
exera /Wo**/ eff fiCt5 only with particular combinations of 
subunits. Moreover, these effects may be observed only under 
conditions that mimic closely the excessive repetitive dis- 
charges that characterize clinical epilepsy. Further studies on 
the cellular electrophysiological actions of gabapentin in a 
variety ^systems, are required before the action of the druc at 

channels can be fuUy understood. 
w,^ 1 *^ ** te ™P° rted here show that the protein labeled 
by [-Hlgabapentin in brain membranes is not the L*systam 
transporter. However, the high affinity interaction of certain 
L>sysiern substrates (* 3 t,-loucine and L-mothionlne; Ref. 11) 
with the o^a subunit is intriguing. To our knowledge the effects 
or neutral amino acids on the functional activity of volcaue-de- 
pendent Ca 2 ^ channels have not been investigated. Heaver 
endogenous ligands such as these presumably compete with 
gabapentin in Wo for the binding site on the subunit. This 
perhaps explains why the therapeutic concentration of caba- 

tiL; < ; anft0t ^ ^ P** 9 ™ data whetherThe 
^^E^L" b ^ >nS S,Cfi i5 Iocat " d on **» «z * «» « component, 
or whether it is extraceilulariy or xntracelluiarly oisposed. 
However, the heavy glycosylation of * 2 B (24, 28) and weak 

oTrh 3 ^?^ phDtoafflnit y P roha * W -usgest that 
the bulk of the a 2 S subunit is found at the extracellular surface. 
Further studies on the topology of the subunit and the 
X of I^bapentsn binding sjtT an! 

Jl^SSf 1 ^' ^ P™&** and characterized a high 
affinity ^Jgatepen^binding protein from pig brain mem- 
branes , N-terminal sequencing has identified the protein as an 
a * B s ^ mt * a voltagenaependent Ca^ channel This conclu- 
sion is supported by tissue distribution studies, by rrydrody. 

^;j H " d ^ radioligand binding and immu- 

r^c«^H^.° n « fr3rt ^ ted ^ ch *™* subunits. 
JJ? ^ P t ntln flrst ,ifiand described that interacts with 
^aa^ subunit. We suggest that modulation of voltages- 
pendent neuronal Ca^ channels may be important to the 
antiepikptic action of gabapentin. ^ ^ 

OJ^r^S^^ Wti fchah|t *™t Or. Lawrence Hunt 

McKnight for the rabbit skeletal muscte u&ua. 
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